THE hemodynamic loading environment of adult mammalian myocardium is an important determinant of its biological properties; increases or decreases in the demands placed upon the heart are accompanied by changes in cardiac size, composition, and function. Within certain limits of load and time, these changes represent the normal physiological adaptations required to maintain optimal pump function. However, when the load falls outside these limits for longer times, progressive structural and functional changes occur.
The factors determining a physiological vs. pathological myocardial response to increased load have been the subject of very extensive investigations, recently reviewed in detail by a number of investigators (Alpert, 1983) . However, cardiac hypertrophy appears to be, in simplest terms, an unusual extension of the normal postnatal response of the heart to increasing circulatory demands; adult cardiocytes enlarge in response to hemodynamic overloads by the addition of structurally normal contractile units in series and in parallel with those already in place (Bishop, 1971) . Our recent initial investigations Cooper and Tomanek, 1982) of the other end of the potential spectrum of myocardial stress and strain have shown that unloaded adult myocardium undergoes profound and rapid atrophy. The most striking features of this arrophic myocardium are the loss of ultrastructural differentiation and the associated loss of effective contractile function.
This finding would be essentially a biological curiosity if this arrophic response were found to represent fixed degeneration. If structural and functional atrophy were, instead, found to be reversible with a restoration of load, it would provide a tool by which the dynamic regulation of adult myocardial structure and function by changing load conditions could be defined. In addition, it would provide insight into the primary importance of load, first, to the realization of normal cardiac properties during development, and, second, to the maintenance of these properties in adult life.
Therefore, in the present investigation we reimposed a load upon a previously unloaded myocardial segment to determine whether atrophied myocardium undergoes fixed degeneration or, instead, both the atrophy and the associated abnormalities could be reversed; that is, whether unloaded and atrophic myocardium retains structural and functional responsiveness to a restored load.
in parallel with the tissue long axis. In addition, this preparation can be unloaded and reloaded without altering the blood supply, innervation, or frequency of contraction (Cooper and Tomanek, 1982) . Adjacent, intact papillary muscles from the same right ventricles were used as paired controls. Thus, both muscles were exposed to identical conditions, with the single exception of load, throughout the experimental period. The right ventricular free wall weight for each animal was compared with the body weight and the left ventricular weight to verify that right ventricular hypertrophy was not present. Each cat also was examined for pleural effusion, ascites, and hepatic enlargement; the absence of these conditions was used as evidence that the animal was not in right ventricular failure.
Surgical Procedures
Adult cats (2-3 kg) were fully anesthetized with ketamine hydrochloride (25 mg/kg, im) and then paralyzed with succinylcholine (2 mg/kg, iv) prior to tracheal intubation and mechanical ventilation. A right thoracotomy was performed between the 4th and 5th ribs under sterile conditions. The pericardium was opened widely, and elastic bands were placed posterior to the azygous vein and the superior and inferior venae cavae. A 1-cm-long portion of the right ventricular free wall was clamped, avoiding major epicardial vessels, and this excluded portion was then incised. After producing temporary occlusion of venous return to the heart by tightening the three elastic bands, we removed the clamp to open the ventricular cavity. A single thin, cylindrical papillary muscle was identified, and its chordae tendinae were severed completely. The ventricular incision then was quickly reclamped while the ventricle was superfused with warm normal saline, and venous inflow to the heart was promptly restored. In all cases, the flow of venous blood to the heart was stopped for less than 1 minute. After closure of the ventriculotomy and thoracotomy, the animal was allowed to recover.
If a mechanical load was to be restored to the papillary muscle, the animal was again anesthetized 1 week after papillary muscle unloading and placed on artificial ventilation, as described above. The original thoracotomy was reopened, the ventricle was clamped, and the ventricular incision was reopened. After venous inflow occlusion and removal of the clamp as before, the papillary muscle was secured to the right ventricular free wall near the tricuspid annulus by means of a thin suture placed through the junction of the chordae with the apex of the muscle. The muscle was reloaded at a length at which it was straight, but not taut, during diastole. The ventriculotomy then was reclamped, and flow to the heart was restored. Again, flow of venous blood to the heart was interrupted for less than 1 minute. After closure of the ventricular and thoracic incisions, the cat was allowed to recover spontaneously.
Anatomical Evaluation

Tissue Preparation
Samples were taken for analysis of unloading at either 1 or 2 weeks after that procedure. For analysis of reloading, 1 week of unloading was followed by either 1 or 2 weeks of reloading prior to sampling. One-and 2-week reloading data were combined for analysis, since there was no significant difference between these two groups. For each of the terminal procedures, the cat was anesthetized and artificially ventilated as described above, and the chest was opened through a midstemal incision. The descending aorta was cannulated retrograde from a gravity perusion apparatus. After the injection of sodium heparin (1,000 U, iv), the heart was arrested in diastole and cleared of blood by perfusion for 3 minutes at 120 mm Hg pressure with oxygenated Locke's solution containing 2% procaine. This was followed by perfusion for 10 minutes with isotonic 1.25% glutaraldehyde in sodium cacodylate buffer. The heart was removed, and separate weights were determined for the right ventricular free wall and the left ventricle plus septum. The unloaded or reloaded papillary muscle and an adjacent control muscle in each case then were excised and placed in cold fixative for 3-8 hours. These specimens were postfixed in 1% osmium tetroxide for 60 minutes, dehydrated through a series of graded alcohols, and embedded in vinyl cydohexene dioxide resin (Spurr, 1969) . Three types of sections were prepared from each specimen: 1-fim cross-sections from the mid-portion of each muscle were cut and stained with toluidine blue (Trump et al., 1961) for the light microscopic determination of cardiocyte cross-sectional area; l-/im cross-and longitudinal sections were cut and used for determining tissue composition; cross-and longitudinal 60-to 90-nm sections were cut and stained with uranyl acetate (Watson, 1958) and lead citrate (Reynolds, 1963) for ultrastructural study.
Tissue Examination
Cardiocyte cross-sectional area was determined at a magnification of 1600X for both control and experimental muscles by planimetry with a digitizer interfaced to a small computer. To ensure that measurements were taken near the midpoint of each cell, we included only profiles containing a nucleus. Fifty cells from each of two blocks cut in cross-sections were counted for each muscle, and these values were averaged. We determined the relative volume densities of the myocardial tissue components (muscle, endothelium, blood vessel lumen, and connective tissue) at the same magnification by stereological analysis (Elias et al., 1971; Page et al., 1971) , using a 609-point grid projected onto the image of the tissue. The volume density of each component of the myocardium was determined by the following relationship: V x /V, = P»/P,, in which *P X " represents the number of intersection points falling on the component, and "P," represents the total number of points over the tissue. To ensure representative sampling, two blocks each of transversely and longitudinally sectioned tissue from each animal were examined, and quantitative measurements were made on three random 5,469 jim 2 areas from each block. Thus, a total of 65,625 fim 2 of tissue was randomly sampled for each papillary muscle. From these data, mean values were calculated for each muscle.
Myocardial ultrastructure was characterized by examining thin sections in a transmission electron microscope. Random areas of each grid were photographed and printed at a final magnification of 10,000x. The relative cardiocyte volume densities of mitochondria and myofibrils, as well as the tissue volume density of extracellular collagen, were determined as described above, using a 165-point grid printed onto a thin transparent sheet and placed over the electron micrographs. The ratio of the external sarcolemmal surface area of the cardiocyte to its volume was calculated by the following formula: Area/ volume = (ir/2)C/a-P c in which "C represents one-half of the total number of intersections of the external surface membrane with vertical or horizontal lines of the grid, 'a' represents the length of one side of a small square on the grid divided by the final magnification of the photographic print, and *P C ' represents the total number of points over the cell (Page et al., 1971) . Two blocks each of transversely and longitudinally sectioned tissue were used for each muscle, and quantitative determinations were made on five random photographs from each block. An area of 143 nm 2 was analyzed from each photograph. A total of 2,856 /im 2 of tissue was randomly sampled for each papillary muscle, and mean values for each muscle then were calculated.
Functional Evaluation
Seven days after the unloading operation, the reloading operation described above was performed. Fourteen days after this second operation, the cats were anesthetized with sodium pentobarbital (25 mg/kg, ip), and rapid cardiectomy was performed. A reloaded or a control muscle was excised and mounted in a myograph . The chordal end of each muscle was fixed to the lever of a photoelectric displacement transducer mounted above the muscle by a tie at the chorda-muscle junction. The ventricular end of the muscle was enclosed rigidly in a sharp clip sintered to a metal rod; the other end of this rod was screwed directly onto a semiconductor strain gauge. Tension generated by the muscle was measured with very little stray compliance (<0.7 /im/mN) over the range of force studied, and the enclosed clip produced only discrete end-segment damage of similar extent in control or reloaded muscles. Details of the transducer system and associated equipment are reported elsewhere (Cooper, 1976) .
After the muscles had been mounted in the myograph, they were superfused at 29°C by a solution of the following composition (mM): CaCl^ 2.5; KC1, 4.7; MgSO 4 , 1.2; KH 2 PO 4 , 1.1; NaHCO 3 , 24.0; Na acetate, 20.0; NaCl, 98.0; and glucose, 10.0 with 10 units of zinc insulin added per liter. This solution was equilibrated with 95% O 2 -5% CO2, with a resultant pH of 7.4, and circulated past the muscle from a 1-liter reservoir. Each muscle was preloaded lightly and stimulated at 0.2 Hz until a stable mechanical response was obtained. Field stimuli 5-10% above threshold of alternating polarity with no DC offset between stimuli, were employed to minimize electrolytic contamination.
Force-velocity and force-shortening curves were constructed during 0.5-Hz contractions of each muscle, as follows: first, a preload of about 5 mN/mm 2 muscle crosssectional area was used to define the first point on these curves; successive afterload increments of 5 mN/mm 2 were then added to define further points on these curves until a maximum isotonic force was reached. The maximum velocity and extent of shortening at each load were measured. After this, isometric length-tension curves were constructed by beginning at a relatively short muscle length at which active tension generation was first noted, and then proceeding in 0.2-mm increments until the length producing maximum isometric tension, L™^ was exceeded slightly. Further details of these techniques have been described before (Cooper et al., 1973) .
After each experiment, muscle length was measured by a micrometer with a known preload attached to the muscle. This length, along with the passive tension portion of the length-tension relationship, allowed calculation of muscle length at L™,. Muscle cross-sectional area was calculated from this length and from the dry weight obtained as the constant weight reached at 100°C. A wetto-dry weight ratio of 4 and a specific gravity of 1 were 369 assumed. That is, area (mm 2 ) = dry weight X 4 (mm 3 )/ length (mm). Results were normalized in terms of muscle length at Lma, and cross-sectional area.
Statistical Analysis
To ensure that adequate sampling was used for the anatomical experiments (Eisenberg and Cohen, 1983) , a nested sampling analysis of variance was done (Shay, 1975) on normal cat right ventricular papillary muscles. To check our sampling size for the parameters obtained with light microscopy, the volume density of myocytes was considered. It was determined that the minimum adequate sample was two regions per block, two blocks per papillary muscle, and two animals per group. In this study, we used three regions per block, four blocks per muscle, and four animals per group. For the data to be obtained from electron micrographs, the same analysis was performed on the relatively invariant volume density of myofibrils from the cardiocytes of normal papillary muscles, and it was determined that the minimum adequate sample consisted of one picture per block, three blocks per animal, and four animals per group. For the relatively more variable external saicolemmal surface area:volume ratio, this analysis showed that the minimum adequate sample was four pictures per block, three blocks per animal, and four animals per group. In this study, we used five pictures per block, four blocks per animal, and four animals per group. Therefore, the sampling techniques we used met or exceeded the sampling requirements.
For the results of both the anatomical and the functional studies, each value is expressed as mean ± SE. Comparisons of ventricular weights among the treatment groups were done by one-way analysis of variance. The contractile function and the tissue or cellular composition of experimental papillary muscles were compared with those of control muscles by a two-tailed paired Student's f-test. Significant differences were said to exist when P was less than 0.05.
Results
Characteristics of the Experimental Model
Neither ascites, pleural fluid, nor hepatic engorgement was found in any cat from any of the experimental groups. The ratio of right ventricular weight to left ventricular weight was 0.34 ± 0.04 gAg for the 1-week unloaded animals, 0.34 ± 0.04 g/kg for the 2-week unloaded animals, and 0.42 ± 0.08 gAg for the reloaded animals. These values were not significantly different by one-way analysis of variance. It has been established previously (Cooper and Tomanek, 1982) that selective transection of the chordae tendinae of a single papillary muscle does not result either in substantial tricuspid regurgitation or in subsequent volume overloading and hypertrophy of the right ventricle; the mean right atrial pressure and the ratios of right ventricular weight to body weight and of right ventricular weight to left ventricular weight do not change during this unloading procedure, and the cross-sectional area of cardiocytes in control papillary muscles is the same as that in muscles from sham-operated cats. Thus, neither right ventricular hypertrophy nor failure results from these procedures, and any changes can be attributed solely to changes in the loading conditions of the muscle.
Cardiac Anatomy
Gross and Histological Appearance
Atrophy of the unloaded right ventricular papillary muscle was obvious by gross examination at 1 week after unloading, and was much more pronounced at 2 weeks; unloaded muscles were both thinner and shorter than adjacent intact papillary muscles. In all cats studied, the distal end of the unloaded muscle remained unattached to surrounding structures, eliminating the possibility of only partial unloading during the experimental period. Upon light microscopic examination, cardiocytes stained less intensely than normal after the first week of unloading, but otherwise appeared normal. Necrosis of myocytes in response to unloading was not observed. The further cellular atrophy that occurs at later times after unloading has been described elsewhere Cooper and Tomanek, 1982) .
When the papillary muscle was reloaded for 1 or 2 weeks after 1 week of unloading, gross atrophy was reversed, and the diameter and length of the reloaded muscle returned to normal. The staining intensity of cardiocytes in this tissue returned to that of the normal myocardium, and the reloaded tissue could not be distinguished from control tissue by light microscopic examination.
Cardiocyte Cross-Sectional Area Table 1 illustrates the decrease in cross-sectional area of myocardial cells in unloaded tissue and their return to normal size 1 week after the load was restored. The atrophy which occurred during the first week of unloading was much more pronounced after 2 weeks. When the myocardium was reloaded for 1 or 2 weeks after 1 week of unloading, cardiocyte cross-sectional area returned to the control value. Together with the reversal of gross atrophy of the muscle, these changes in cardiocyte crosssectional area demonstrated that the myocardium responds to the return of mechanical load by an increase in volume of the myocardial cells, restoring them to normal size.
Tissue Composition
The relative volume densities of the tissue components of unloaded and reloaded myocardium are presented in Figure 1 . The decrease in size of the myocardial cells during the first week of atrophy was accompanied by proportional changes in the other components of the myocardium, since the volume densities of blood vessel lumen, endothelium, and connective tissue did not change. As atrophy progressed, a modest relative increase in connective tissue was noted, but the other elements of the myocardium remained constant.
Reversal of atrophy also involved proportional changes in the muscular, vascular, and connective tissue components of the myocardium. Results for the two groups of papillary muscles are expressed as mean ± SE. Mitochondrial and myofibrillar volume density are expressed as percent of cardiocyte volume; collagen volume density is expressed as percent of myocardial tissue volume. There were five cats in the 1-week unloaded group and four cats in the 2-week unloaded group. The reloaded group consisted of cats unloaded for 1 week followed by 1 or 2 weeks of reloading; in this group, five cats were examined for cross-sectional area, and four cats were analyzed for the other parameters measured.
' Significant difference between the control and experimental muscles. shows that volume densities of these elements were the same as the values that we have shown before in control myocardium (Marino et al., 1983a, b) and in myocardium in which cardiocytes were enlarging in response to reloading. Thus, during both the early stages of atrophy, and during its reversal, changes in the various components of the myocardium were coordinated to maintain a constant composition within the myocardial tissue.
Myocardial infrastructure
Qualitative changes within the myocardial cells 1 week after either the removal or the reimposition of load are shown in transverse section in Figure 2 and in longitudinal section in Figure 3 . In the unloaded tissue shown in Figures 2B and 3B , cardiocytes typically showed a marked loss of myofibrils and many areas of cytoplasm free of organelles. Persisting bundles of contractile filaments were seen primarily at the periphery of the cell and were disorganized, lying at many angles to the long axis of the cell. The density of Z-bands was much less uniform from sarcomere to sarcomere, and the typical banding pattern was lost. Mitochondria continued to lie near contractile elements but appeared less numerous than normal. The sarcolemma, intercalated discs, and nuclei of unloaded cardiocytes appeared unchanged, as did the endothelial cells and the interstitial components of the tissue.
In contrast, 1 week of reloading, following 1 week of unloading, resulted in substantially complete reversal of the degenerative changes of atrophy. Figures 2C and 3C show that, once again, myofibrils and mitochondria fill the cytoplasm, and that the extensive organelle-free regions characteristic of atrophic tissue are no longer present. As demonstrated by the longitudinally sectioned tissue shown in Figure 3C , the contractile elements are realigned with the long axis of the cell, the typical banding pattern is present, and adjacent sarcomeres are in register. Cardiocytes showing only a partial response to the change in loading conditions were seen occasionally, but none showed the loss and disorganization of myofibrils which was characteristic of unloaded myocardium. Myofibrils were uniformly aligned with the long axis of the cell and were the predominant constituent of the cytoplasm.
The changes in cardiocyte ultrastructure observed in the early stages of myocardial unloading and reloading were quantified by stereological analysis and are presented in Table 1 . One week of unloading resulted in a 26% decrease in the volume density of mitochondria and a 41% decrease in the volume density of myofibrils. Because the mitochondrial response lagged behind that of the myofibrils, these two changes produced a 31% increase in the ratio of these two components. No significant change was observed on the ultrastructural level in the volume density of tissue collagen during the first week of unloading. This agrees with the light microscopic observation that no change occurred in the connective tissue component of the myocardium during this time. The ratio of the external sarcolemmal surface area of the cardiocyte to its volume was also maintained as the cell underwent atrophy.
Table 1 also shows that when atrophy was reversed by reloading, the cardiocyte volume densities of both mitochondria and myofibrils approached control values. This process appeared to be complete after 1 week of reloading, since further changes were not seen with two weeks of reloading; thus the data in the bottom third of Table 1 are pooled as indicated there. The cellular fraction represented by mitochondria in the cardiocytes from reloaded muscle was no longer significantly different from that in the intact muscle. Whereas the volume density of myofibrils was still significantly lower in cardiocytes from reloaded muscle than in control cardiocytes, this value represents a return to 94% of the control value, and it is apparent that a return toward the normal condition is well under way. The ratio of mitochondria to myofibrils was again within normal limits, and, as in the unloaded tissue, the ratio of external sarcolemmal surface area to volume remained constant as these changes were occurring.
Cardiac Function
The dimensions of the right ventricular papillary muscles selected from cats for the study of contractile behavior were not significantly different in the control and reloaded groups: muscle length was 6.40 ± 0.86 mm control and 7.75 ± 0.64 mm reloaded; muscle cross-sectional area was 0.63 ±0.16 mm 2 control and 0.68 ± 0.14 mm 2 reloaded. The upper limits of papillary muscle cross-sectional area for metabolic support by diffusion at 29°C has been Cooper, 1979) . No used in the present found to be about 1.10 mm muscle larger than this was study.
The mechanical data for isotonic contractions, shown in Figure 4 , demonstrate that the decrease in both the velocity and extent of shortening at all loads, shown before (Cooper and Tomanek, 1982) for the unloaded muscles, returned to normal in the reloaded muscles.
The mechanical data for isometric contractions are presented in Figure 5 and in Table 2 . We had previously found (Cooper and Tomanek, 1982) a reduction in the active tension developed during contraction at all muscle lengths studied in the unloaded muscles, and an increase, more pronounced at longer muscle lengths, in the tension required to stretch the resting muscle. Figure 5 shows that both the active and resting length-tension relationships returned to normal with reloading. Table 2 provides a summary of isometric contractile function at L^x, that muscle length at which developed tension is greatest. No decrement with respect to any of these measures of isometric contractile performance was found for the reloaded muscles.
Discussion
This study demonstrates for the first time that adult mammalian myocardium, despite the fact that it cannot regenerate by hyperplasia, retains a remarkable plasticity in response to load. In the initial laboratory investigation of unloaded myocardium Cooper and Tomanek, 1982) , we found progressive cardiocyte atrophy: there was a marked loss of contractile elements, and the residual sarcomeres were no longer oriented in parallel with the long axis of either the muscle or its constituent cardiocytes. This cardiocyte atrophy was Results are expressed as mean ± SE. There were five cats studied, with both a control and a reloaded papillary muscle removed from the right ventricle of each. Resting/total force is resting force divided by the sum of the active and resting force. The terms +dF/dt and -dF/dt refer to the maximum rates of rise and fall of active force, respectively. Time-to-peak force is the time from the end of the latent period to peak active force; relaxation time is the time from peak active force to complete relaxation.
accompanied by a depression of both isometric and isotonic contractile function. These changes occurred very rapidly: atrophic changes were observed within 1-3 days of unloading, and contractile function was virtually absent at times greater than 3 days after unloading.
The present study demonstrates that myocardial atrophy, at least in its early stages, is completely reversible. The loss or restoration of normal cardiocyte intracellular organization with absent or restored load suggests that the degree and direction of stress placed on the myocardium is possibly the primary determinant of both the cellular content of contractile elements, and their orientation with respect to the cellular axis along which stress is transmitted during contraction and/or strain is transmitted during relaxation. The importance of this structural plasticity is emphasized by the accompanying functional changes.
Experimental Model
The right ventricular papillary muscle provides an ideal model for studying cardiac unloading and reloading, since the transection of chordae tendinae unloads the muscle, and reattachment of the chordae tendinae reloads it. In this cylindrical muscle, both the cardiocytes and their myofilaments are arranged in parallel with the direction of tension generation, allowing the relation between contractile structure and contractile function to be studied in a geometrically defined tissue. In addition, vascular and neural constituents enter the papillary muscle at its base; we have found that severing the chordae tendinae does not interfere with the blood supply, innervation, or frequency of contraction in this preparation (Cooper and Tomanek, 1982) . In this study, an intact adjacent papillary muscle from the same right ventricle was used as the control in each case; thus, experimental variables other than load were fully accounted for, since they affected the control, unloaded, and reloaded muscles equally.
In the present study, load was reimposed after 1 week of unloading. This time for reloading was chosen because by 1 week after unloading, there are significant decreases in cardiocyte cross-sectional area as well as in the volume densities of mitochondria and myofibrils, and mechanically effective contractile function has already disappeared (Cooper and Tomanek, 1982) . However, the loss of myocardial cells which might occur at later times after unloading is not seen at this early time.
Tissue Composition
The major finding of this study with respect to the quantity and proportion of cardiac tissue components is that, both during atrophy and during atrophy reversal, when cardiocyte size in terms of cross-sectional area decreases and then increases back to the control value, the cardiocyte contribution to the myocardium remains relatively constant and in proportion to the amount of the other tissue elements in which it is embedded. Specifically, Figure 1 shows that the percent of each tissue element we examined remains about the same, whereas the total amount of cardiac tissue falls with atrophy and then rises again with atrophy reversal.
The most striking difference with respect to tissue composition between a reversible load reduction, in the present study of atrophy, and the reversible load increases, in other studies of hypertrophy, is thatin the present study of atrophy reversal-the proportion of connective tissue does not change, whereas, with hypertrophy, the proportion of connective tissue goes up fairly uniformly and may or may not return to normal with hyertrophy reversal. In a recent pair of studies examining a chronic progressive pressure overload of the non-failing cat right ventricle, we found that collagen increases along with the duration of hypertrophy , but that this increase returns to the control value when the pressure overload is relieved (Cooper, 1982) . In contrast, in view of the demonstration that an acute pressure overload severe enough to cause congestive heart failure and substantial short-term mortality (Spann et al., 1967) produces fairly gross histological fibrosis (Bishop and Melsen, 1976) , it is unlikely that a full reversal of increased collagen content would be observed following a prolonged, severe pressure overload. Similarly, if full cardiac unloading were allowed to persist until actual cardiocyte loss became prominent, the resultant relative increase in connective tissue would be expected to persist even after the reimposition of a normal load.
An intriguing aspect of the interrelationship of the various cardiac tissue components during unloading and reloading is that both the muscle cells and their supportive and nutritive matrix change in synchrony. Whereas this may or may not be the case during normal neonatal cardiac development (Legato, 1979a; Olivetti et al., 1980) , the retention of the very complex and specific interrelationships 375 of the various tissue elements in adult myocardium (Borg and Caulfield, 1981; Borg et al., 1983) , where cardiocyte division is not possible (Zak, 1974; Cooper et al., 1981) , would probably be a necessary condition for the return of normal structure and, thus, normal function, after either atrophy or hypertrophy had taken place. Thus, our finding with respect to the synchronous changes in tissue composition in atrophy and hypertrophy, respectively, would provide a structural foundation for the return to normal function in each case.
Ultrastructural Composition
The major finding of this study with respect to the intracellular organization of the cardiac muscle cells is that these cardiocytes undergo a remarkable dedifferentiation during unloading and then redifferentiation during reloading, especially with respect to the contractile filaments. In view of the sriking loss and axial disorientation of the myofilaments during atrophy (Figs. 2B and 3B), it would not be expected that these cells could generate substantial force or shortening in parallel with the original long axis. Indeed, our previous study of the contractile properties of these papillary muscles during early atrophy demonstrates that effective contractile function is essentially absent (Cooper and Tomanek, 1982) . This concordance of ultrastructure with function is paralleled by the present data showing, first, a regeneration and axial realignment of the myofilaments (Figs. 2C and 3C) , and, second, a return of normal contractile function (Figs. 4 and 5) .
The second ultrastructural feature of interest is the decline and rise of the mitochondrial complement of the dedifferentiating and redifferentiating cardiocytes. The volume fraction of the mitochondria does not decline as much as that of the myofibrils, and the ratio of these two organelles returns to control with reloading. While one or several mechanisms by which changing load causes parallel alterations in diverse elements on the level of both tissue and cell are unclear, it is interesting that the amounts of these structurally and functionally diverse components change together during both unloading and reloading.
This interrelationship of ultrastructure and function has at least one other possible parallel in adult myocardium. The cellular morphology of the unloaded cardiocytes strongly resembles that of the cells of the cardiac conduction system. Purkinje cells and atrioventricular bundle cells have large areas of sarcoplasm devoid of organelles, with myofibrils located peripherally and in various orientations with respect to the cellular long axis (Thornell and Eriksson, 1981; Marino, 1979) . This may well be related to the fact that these cells are embedded in relatively large amounts of stiff connective tissue (Bencosme et al., 1969) , and thus are structurally insulated from the normal systolic and diastolic stress and strain. It has also been noted that, in the Purkinje cells of ventricular false tendons, the orientation of the myo-fibrils can be correlated with the direction of passive tension to which they are subjected during ventricular filling (Thomell et al., 1976; Thornell and Ericksson, 1981) . This correlation of the morphology of contractile proteins in unloaded and reloaded myocardium with that of conduction system cardiocytes raises the distinct possibility that the morphology of cardiocytes with respect to their contractile organelles is a simple function of the extent and direction of the load placed upon these cells.
Contractile Function
Myocardial unloading produces a severe, progressive loss of contractile function that is characterized by a decrease in the active properties of shortening and tension generation and an increase in passive stiffness (Cooper and Tomanek, 1982) . Straightforward structural bases for both the active and passive changes are available in the loss and disorientation of the sarcomeres and in the increase in collagen content. The full return of both active and passive mechanical properties to normal with reloading, coincident with the structural reorganization, lends strong support to the concept that the functional changes are structurally based.
Relation to Cardiac Myogenesis and Growth
The unloaded cardiocytes in Figures 2B and 3B closely resemble neonatal cardiocytes (Fig. 3A in Legato, 1979a, Fig. 1 in Legato, 1979b) in two important respects: (1) the sarcoplasm is only partially occupied by myofilaments and mitochondria, and (2) the uniform axial orientation of the existing sarcomeres is not yet established. During both normal postnatal myogenesis and reloading of atrophic myocardium, four changes result in the cardiocyte attaining normal adult morphology: (1) the sarcomeres both develop and increase greatly in volume density (Olivetti et al., 1980; and Table 1 of this study), (2) the volume density of the mitochondria increases (Legato, 1979; and Table 1 of this study), (3) the ratio of mitochondria to myofibrils attains a normal adult value (Legato, 1979b ; Table 1 of this study) and (4) the sarcomere axis aligns with the load axis appropriate to each particular region of working ventricular myocardium (Fig. 3, B vs. C). In addition, when load along a previously established axis of myocardial stress increases in the adult, cardiac hypertrophy is accomplished by the serial and parallel addition of new sarcomeres along the original load axis (Bishop, 1971; Marino et al., 1983b) .
Thus, a morphological parallel exists between cardiac myogenesis with its extension in the adult into hypertrophy and the redifferentiation of atrophied, dedifferentiated myocardium in response to load reimposition. In normal cardiac myogenesis, a complex interplay of humoral, neural, and loading conditions contributes to the eventual realization of the adult cardiocyte (Zak, 1974; Rakusan et al., 1978) . In cardiac hypertrophy, a number of humoral, neural, and loading conditions probably contribute to the adaptive process. It has been suggested that sympathetic nerves (Ostman-Smith, 1979 , 1981 and circulating catecholamines (Simpson et al., 1982) may play the most important roles. In contrast, in this model of reversible cardiac atrophy, where humoral and neural changes affect experimental and control tissues equally, variable load alone seems to be of primary importance to the changes observed.
Conclusion
The major finding of the present study is that when load is varied without independent changes in other factors, the removal of load results in a prompt dedifferentiation and atrophy of the affected cardiocytes, and the reimposition of load leads to equally prompt cardiocyte growth and redifferentiation, with a return of normal contractile function. This would suggest that load may be the primary determinant of myocardial structure and ultimately of myocardial function.
